I Introduction
Using the advances in Micro-Electro-Mechanical Systems (MEMS) many micron sized mechanical devices have been constructed. Bulk micro-machining in silicon and other materials has been used to produce pumps, small motors, channels, mechanical sensors, and other devices. 1 MEMS technology has been considered for the production of micron-sized rocket motors, however several questions must be addressed before their utility can be assessed. One of the most important issue is an estimate of thrust performance at the small scale, possible with this new technology. The dramatic change in the linear dimension affects both the mechanics of working fluid and geometric design of micro devices. Prom the fluid mechanics point of view, a model is needed to take into account microfluidic aspects. 2 A typical flow in a cold-gas micron-sized device has low Reynolds number on the order of 10 2 -10 3 and viscous effects therefore will be much more significant than in conventional large nozzles. Other consequences of the small linear scale for supersonic nozzle flow are rarefaction effects resulting in the possibility of velocity slip and temperature jump at the gas solid surface interface. The surface area to volume ratio in micro devices is high and the wall effects may dominate the fluid behavior inside the nozzle, thus requiring an accurate modeling of fluid-surface interaction.
Often the geometric shape of a mechanical device is chosen to maximize the performance while minimizing the cost of manufacture. Since entirely different materials and manufacturing technology is used for MEMS, the geometric shape is different from that for large scale nozzles. The conventional rocket nozzles are almost always of an axisymmetric shape and often have a contoured section to direct the exhaust gas along the axis. For the microfabrication of nozzle devices the technique is well developed for etching a simple-shaped device from a plane silicon wafer. Experimental measurements by Bayt and Breuer 3 of mass flow and thrust levels of such a flat contoured nozzle showed that for low Reynolds numbers Re < 500 nozzle performance is strongly affected by viscous losses and there is a considerable deviation from a two-dimensional Navier-Stokes solution because of the three-dimensional end-wall effects.
The main objectives of this work are numerical study of viscous effects in micronozzle flow and a comparison of different geometric configurations, axisymmetric conical and flat three-dimensional, in terms of thrust performance and flow fields. A two-dimensional model of a micronozzle is also examined and compared with the full three-dimensional simulation.
Application of modern CFD techniques to model these flows is important since it allows one to obtain detailed information on flow structure and peculiarities. There are two general approaches to treat a fluid in different flow regimes -continuum when the scale of flow phenomena is large compared to the fluid microscopic structure, and kinetic, for a rarefied flow where phenomena at the molecular level become important. Since the flow regime varies from near-continuum at the nozzle throat to rarefied at the nozzle exit, accurate modeling is a challenging task for both approaches. Both kinetic and continuum numerical approaches are used in this study.
Several earlier papers presented computational results for axisymmetric micronozzle flows. 4 
"
7 Most of them employed the direct simulation Monte Carlo (DSMC) method, the most widely used approach for modeling rarefied gas flows. The work by Chung et al 5 was performed with the goal to make a comparison between numerical modeling and experimental data. In the paper by Ivanov et al s both DSMC and continuum methods were used to simulate the axisymmetric and two-dimensional flow in a nozzle at low Reynolds numbers. The present paper is the first application of the DSMC method to modeling three-dimensional microthrusters. The solutions of the Navier-Stokes equations are also obtained to elucidate the area of applicability of the continuum approach.
The flow of molecular nitrogen in micronozzles is analyzed in terms of flowfields and performance characteristics. The outline of the paper is as follows. In Section II the geometric setup and flow conditions are explained. Section III describes the numerical methods and computational requirements for the cases under consideration. Results of numerical modeling are presented in Section IV. A discussion of the flow features is also given and the capabilities of numerical methods are compared. Then, nozzle performance parameters are compared for different geometric configurations.
II Micronozzie configurations and flow conditions
Two different micronozzle configurations are considered, axisymmetric and three-dimensional. The axisymmetric conical nozzle has an expansion angle of 15 deg, throat diameter D t = 300 pro., and an exit to throat area ratio of 100. A schematic of the threedimensional (hereafter referred as flat) nozzle is shown in Fig. 1 . The throat width is equal to the axisymmetric nozzle throat diameter Dt, and the height h = 300 ftm. The expansion angle is 15 deg, and the area ratio is 10. The flat nozzle dimensions are derived from the experimental study reported recently 8 . The flat nozzle has the same cross section in XY symmetry plane as the axisymmetric nozzle, as well as the same nozzle length of 5.038 mm. The details on nozzle geometry and computational domain in XY symmetry plane are given in Fig. 2. h, height For the two geometric nozzle configurations, the flow of molecular nitrogen was calculated at a stagnation pressure p c = 10 kPa and stagnation temperature T c = 300 K. Stagnation and critical conditions for a sonic flow at the throat are given in Table 1 . The Knudsen number at the throat for the both nozzles is 5 x 1Q~3 and the corresponding Reynolds number based on the throat half-width is 200. The temperature at the nozzle wall is assumed to be constant and equal to the stagnation temperature at the chamber. 
III.l Continuum method
A continuum model was used to describe the gas flow in the axisymmetric and three-dimensional nozzles. Numerical solution of the Navier-Stokes equations for viscous fluid flow was obtained with a finite-volume spatial discretization on a structured three-dimensional grid implemented in the General Aerodynamic Simulation Program (GASP). 9 Molecular nitrogen was considered a perfect gas and the Sutherland model 10 was used for the approximation of temperature dependence of the gas viscosity. Viscous derivative terms in the momentum and energy conservation equations are computed with second-order accuracy on the interior and gas-solid interface cells. The third-order upwind-biased scheme is applied for spatial reconstruction of volume properties on the cell boundaries. To obtain a steady state solution two factor approximate factorization is used for time stepping.
As was shown by Ivanov et al 6 , an extrapolation boundary condition at the exit of a nozzle can sufficiently decrease the accuracy of the performance prediction at low Reynolds numbers. Therefore, an exterior region of nozzle was also included in the computational domain. Two-zone grids resolving gradients near wall boundaries and along the axis are used in the computations. Grid convergence study showed that the solution is grid independent for grid dimensions 200 x 40 (zone 1) and 100 x 60 (zone 2) and larger for the axisymmetric and 2D case and 200 x 40 x 20 (zone 1) and 100 x 60 x 20 (zone 2) for the 3D case.
The GASP MPI capabilities allow iterations in different regions of the computational domain to be performed in parallel. Using this option on a two processor SGI Octane the total computational time for the axisymmetric case with the grid 200 x 40 and 100 x 60 is about 8 hours and about 50 hours for the 3D case. A no-slip boundary condition is used in these computations to model gas-surface interaction at a fixed wall temperature. The temperature of the wall is set to the stagnation temperature at the chamber. The inlet conditions are obtained from ideal nozzle theory based on stagnation gas properties and an inlet area ratio. For the axisymmetric case both subsonic and critical inlet conditions are considered. For the subsonic inlet conditions the boundary layer is thin at the nozzle throat. This is illustrated in Fig. 3 where the velocity component in X direction along the nozzle axis is shown. The difference between solutions for these two types of inlet conditions is therefore small. The comparison of Mach number fields is given in Fig. 4 . There is a very small difference in the results. For a quantitative comparison, the X-component velocity distribution along the nozzle axis is given in Fig. 5 . The nozzle performance characteristics of the axisymmetric nozzle are also very close (see Table 2 ). The constant critical throat condition is therefore used to as the boundary conditions for the axisymmetric and three-dimensional solutions calculated with the Navier-Stokes and DSMC methods.
III.2 DSMC method
The Direct simulation Monte Carlo method 11 is a statistical computational approach used for solving rarefied gas dynamics problems. During last several years it has been successfully applied to modeling different flows in the near-continuum regime. In this work, a DSMC-based software SMILE (Statistical Modeling In a Low-density Environment) 12 is used in all DSMC computations. The majorant frequency scheme 13 of the DSMC method is utilized to model collisions between molecules. For a one-component gas, this scheme redefines the collision frequency used in the simulation
where v is the relative velocity of colliding particles, <TT is the total collision cross section, n is number of simulated particles in the cell. The collision frequency in a cell is calculated using the number of simulated molecules in the cell and the maximum value of the product of the total collision cross section and the relative collision velocity. The number of potential collision pairs is therefore maximized with respect to the product of the cross section and the relative velocity. Once a pair is selected the probability that a collision occurs is evaluated by an acceptance-rejection test of the ratio of
P =
The intermolecular potential is assumed to be the variable soft sphere model 14 .
The Larsen-Borgnakke model 15 with temperature-dependent Z r and Z v and discrete rotational and vibrational energies is used for the energy exchange between translational and internal modes. Under flow and geometry conditions examined in this work, the wall can be expected to significantly affect the gas flow due to the gas-surface interaction. The DSMC technique allows a detailed treatment of this interaction. Gas molecules can lose or gain a fraction of impulse and energy upon a collision with a surface, and the outcome of the collision depends on physical and thermal properties of the surface and gas. An ideally smooth surface would reflect particles specularly with the reflection angle equal to the incident one. Real surfaces have a significant degree of roughness at the molecular scale that results in inelastic diffusive collision of molecule with the surface.
One of the most widely used gas-surface interaction models, the Maxwell model, assumes that a fraction (1-a,j) of incident particles is reflected specularly while the remaining fraction a^ experiences a diffuse reflection that means particle velocities are distributed according to the Maxwellian distribution with the surface temperature. This parameter a<i is equal to tangential momentum accommodation coefficient:
where P T is the tangential momentum, and indices i,r refer to incident and reflected particles. Experimental data 16 for silicon interacting with nitrogen flow suggests the accommodation coefficient ad = 0.8. The Maxwell model with different o^ between 0 and 1 and the surface temperature T w = 300 K is used in the DSMC computations. The majorant frequency scheme used in SMILE was strictly derived from the Leontovich master kinetic equation for the AT-particle distribution function. In any system of a finite number of particles, N, there are statistical correlations between particles 17 that arise even in case particles where initially independent. The master kinetic equation differs from the Boltzmann equation, the principal equation that describes rarefied gas flows, by the presence of a source term dependent on a pair correlation function, g = /2 -fifi-Here, f\ and /2 are one-and two-particle distribution functions, respectively. The correlation function g oc N~l, and therefore the correlation term vanishes when N -> oo.
The statistical dependence is inherent hi any system of N particles. The number of simulated particles is therefore a crucial parameter for any DSMC study. There should be enough particles in the simulation so that the statistical correlations do not affect the result of the simulation and it can be considered a solution of the Boltzmann equation. It was suggested by Gimelshein et al 18 to use the number of molecules in a cube with the linear dimension of the local mean free path, A, as an estimate for statistical correlations. Usually, there should a few molecules in A 3 for the correlations to be negligible. The number of particles required is especially severe in case when the DSMC method is applied to model the three-dimensional nearcontinuum fiows. These requirements are connected with both flow dimensionality and the high density of the gas (L e., small A).
It is therefore important to analyze the influence of the number of particles in order to have results independent of particle correlations. Convergence studies of the DSMC solution in terms of the number of particles was conducted for the three-dimensional micronozzle. The translational temperature and velocity component U x profiles along the nozzle centerline are plotted hi . The simulations show that there is a significant dependence of the results on N in the region of high density. As it is seen from the profiles, the DSMC solution for a smaller number of particles is shifted.
IV Results and discussion

IV. 1 Axisymmetric conical nozzle
Let us consider first the flow in an axisymmetric conical micronozzle that was studied with the continuum and DSMC methods. A comparison of density fields obtained by the two techniques is given in Fig. 8 . The density is normalized by its value at the nozzle throat.
The flowfields for the axisymmetric micronozzle are those typical for cold gas thrusters. The gas experiences about two orders of magnitude decrease in density along the nozzle axis (see Fig. 9 ). In the radial direction the density decreases near the wall because the temperature of the wall is higher than that of gas. Contours of the velocity component in the axial direction obtained by both models are plotted in Fig. 10 . It is seen that the numerical solution of Navier-Stokes equations agrees well with the DSMC results inside the nozzle and at the core flow outside the nozzle. There is a significant difference between the two solutions only in the region of the nozzle lip. The reason for that is a rapid expansion of gas and a high flow rarefaction that is difficult to capture by continuum methods. Velocity contours qualitatively illustrate how the thickness of the boundary layer grows downstream from the nozzle throat. To study the boundary layer growth in more detail, the distribution of the X-component of velocity at the nozzle exit is given in Fig. 11 . The velocity gradient is large close to the axis and the boundary layer occupies most of the exit area. The difference between the velocities at the wall for the two approaches is due to the difference in their boundary conditions. However, a comparison of velocity profiles along the nozzle axis presented in Fig. 12 shows a small difference between the two solutions.
Translational temperature contours are shown in Fig. 13 for two different approaches. The agreement is satisfactory inside the nozzle except in the vicinity of the lip where the impact of flow rarefaction is again significant. The GASP solver assumes there is an equilibrium between translational and internal modes. While the vibrational mode is essentially frozen at the low temperatures under consideration, and vibrational excitation is not an important factor, the rotational temperature may be significantly different from the translational one. Figure 14 shows the DSMC rotational and translational temperature profiles along the nozzle axis compared with those obtained by GASP. Differences between the translational and rotational temperatures beyond the nozzle exit can be observed. The difference between the translationai temperatures obtained by the continuum and kinetic approaches caused both 
IV.2 Flow in a flat micronozzle computed using 2D and 3D models
A two-dimensional model can be used to describe the flow in a nozzle of a flat geometric configuration if the influence of the end-walls is negligible. However, as it is shown in the previous section for an axisymmetric flow, the entire area of the nozzle exit is affected by the wall boundary layer. In the flat nozzle case with the same flow conditions at the throat an even larger impact of viscous effects can be anticipated because of a greater surface area to volume ratio. A full three-dimensional modeling is therefore required to simulate the gas flow and accurately predict the performance characteristics of a three-dimensional high aspect ratio micronozzle.
To examine a possible contribution of the third dimension at given conditions, the modeling of 2D and 3D flows in a flat micronozzle was conducted using the continuum and kinetic approaches. The density contours are shown in Fig. 15 for both the 2D and 3D flow models. Whereas the density decreases gradually in the 2D case, in the 3D nozzle the flow experiences two successive expansions, at the nozzle throat and the exit. This is due to the contribution of two different processes, the viscous dissipation and the flow expansion. This is also seen in Fig. 16 where the pressure fields are shown for the two flow models under consideration. Again, there is a significant difference between the two cases. The pressure is higher inside the nozzle for the 3D case due to the wall effect, with the core flow values approximately seven times larger. In the expansion region, downstream of the nozzle exit, the pressure is lower for the 3D case (the flow expands in three dimensions in this case).
A comparison of velocity fields for the two cases is given in Fig. 17 . As expected, the 2D model predicts the values of the velocity component in X direction to be larger inside the nozzle. For the 3D case, the velocity increases at first 1 mm downstream from the throat (the flow expansion dominates there), and then slightly decreases towards the exit since the wall effects become more important. The velocity has a local maximum of 450 m/s at ~1 mm from the throat. The flow expands rapidly after the exit, and the velocity at 2 mm from the exit is even greater than in the 2D case. The translational temperature fields are also qualitatively different for the two cases(see FigurelS). The temperature decreases downstream in the direction of the nozzle axis and increases at the wall (the gas is cooler than the surface) for the 2D case. There is a local minimum of temperature at 1 mm from the throat in the 3D flow, and temperature values are generally higher inside the nozzle and lower downstream from the exit plane for this case. The influence of the endwalls is therefore very important for the height to width ratio considered. For larger ratios, a smaller effect is expected, and likewise there should be a smaller difference between 2D and 3D models since the difference in the expansion process would be reduced.
The difference in the expansion process is illustrated Figure 18 : Translational temperature contours (K) for a flat micronozzle calculated using the 3D (top) and 2D (bottom) models.
in Fig. 19 where the molecular local mean free path is plotted. The mean free path increases gradually inside the 3D nozzle. It changes by a factor of three from the throat to the exit. For the 2D case it grows more rapidly in X direction and there is also a strong growth across the nozzle near walls. Note that the local characteristic length for the 3D case is equal to the nozzle height h=300 (an. The local Knudsen number at the exit plane is therefore about 0.1 which falls into a regime where the continuum model fails. 
IV.3 Wall effects in axisymmetric and 3D nozzles
The surface area to volume ratio represents the relative impact of surface and volume forces on the flow. For the MEMS scale devices the ratio is very high and the wall effects can dominate the expansion process in the flow through a micronozzle. To choose reasonable geometric parameters ensuring an expanding flow through a micronozzle, an estimate of the boundary layer thickness at the exit has to be made, aimed at a decreasing its thickness. A possible approach to nozzle design could be to utilize a flow over a plate for an assessment of the boundary layer thickness growth. In a nozzle, though, the boundary layer thickness grows much more rapidly than that over over a plate due to the gas expansion. A full simulation is therefore required to examine the boundary layer grows for a specified nozzle geometry.
To understand how the boundary layer grows in a 3D nozzle under chosen conditions, Fig. 20 shows the translational temperature contours at different cross sections perpendicular to the nozzle axis. The viscous layer is developed very rapidly, and at a distance of several throat width, it occupies the entire cross-sectional area. There is therefore no inviscid core in the gas flow inside the nozzle at the Reynolds number and aspect ratio modelled in this work.
The wall effects and flow expansion strongly impact the flow in a 3D nozzle as compared to that in an axisymmetric nozzle. Figure 21 shows the translational temperature profiles along the nozzle axis for the 3D and axisymmetric cases. After an initial decrease at the first 1 mm due to the gas expansion, the temper- ature increases in the 3D nozzle. Such an increase is caused by the viscous dissipation of the flow kinetic energy of the flow due to the shear on the walls. Beyond the nozzle exit where gas experiences a free expansion into a vacuum the velocities and temperatures coincide for the two cases, since the mass flow rates are equal.
A qualitative difference between the two solutions shown for the temperature profiles is also observed for the velocity fields. The profiles of the velocity in the X direction are presented in Fig. 22 . The velocity increases monotonously downstream from the nozzle exit in the 2D case, while in the 3D flow there is a velocity minimum located at X = 0.004 m. The increase of temperature (see Fig. 21 ) and decrease in velocity in the three-dimensional nozzle is a consequence of the shear on the walls. For a hypersonic nozzle flow expanding into vacuum one would expect the extremum to be at the exit plane. However, the extremum is located upstream of the nozzle exit because of the subsonic region at the walls.These results show that impact of the walls is very pronounced in the 3D case.
The model used to simulate the gas-surface interaction is therefore important. Since all results presented above were obtained using the tangential momentum accommodation coefficient a<j -1, different values of ad were also used to to examine the possible influence of the surface model. The DSMC computations were performed both for the axisymmetric and threedimensional nozzles for different values of a<j.
Translational temperature profiles along the nozzle axis for different ad are shown in Fig. 23 .The temperature increases with o^. There is a qualitative difference between the solution for ay = 0 (ideally smooth adiabatic surface) and any non-zero ad for which the profile has a kink after the nozzle exit. There is also a visible difference between ay = 0, ay = 0.3, and ad = 0.5 profiles. Experimental work by Arkilis 16 suggests that a value of 04 = 0.8 is recommended for a nitrogen flow in a silicon microchannel. The result for an axisymmetric nozzle flow with a<j = 0.8 is very close to the solution with ay = 1.
A greater influence of the gas surface interaction model on the solution can be anticipated in 3D case where, as it was shown above, the wall effects dominate the flow inside the nozzle. Two cases were considered, a d -0.8 and ad = 1. The DSMC results for these two cases are shown in Fig. 24 where the translational temperature contours are plotted. There is a subtle difference in the core flow, but generally the temperatures are very close for these two cases. The difference between the density fields is also small (see Fig. 25 ). The specific impulse for these two cases was calculated and the difference was found to be less than one percent. Note, a similar weak dependence of thrust performance for non-zero accommodation coefficients was shown for micro-resistojets in a recent paper 19 .
IV.4 Micronozzle performance
The calculated thrust levels and specific impulses for different micronozzle configurations are summarized in in Table 3 . For the cases considered the GASP solution slightly (several percent) overpredicts the thrust values obtained by the DSMC method. Comparing axisymmetric and three-dimensional results, the thrust as well as the specific impulse are lower for a flat micronozzle. The wall effects in the 3D case also cause an about 20 percent reduction in thrust as compared to the 2D model. Note that the 2D model gives the highest thrust values for the three cases under consideration. The specific impulse is also highest for the 2D model (5 percent greater than for the axisymmetric nozzle and 20 percent greater than the three-dimensional nozzle).
The total impulse flux at different locations downstream of the throat of the 3D nozzle obtained by the DSMC method is plotted in Fig. 26 . There is an undesirable reduction in thrust in the second half of the nozzle caused by the viscous losses. The way to increase the performance would be to make the micronozzle shorter or to increase its height. 
V Conclusions
A numerical study of different geometric configurations of micronozzles -axisymmetric and three-dimensional, has been conducted for a low throat Reynolds number of 200 using the DSMC method and the solution of Navier-Stokes equations. The subsonic inflow conditions as well as critical throat conditions were considered in continuum computations. The results of the computations were shown to be insensitive to the type of inflow conditions both for thrust performance and flow fields.
The DSMC simulation of a three-dimensional flow at a Reynolds number of 200 is very computationally intensive. It is necessary to take at least 20 million simulated particles to obtain a particle-independent solution.
The DSMC and Navier-Stokes solutions are in a satisfactory agreement for the flow inside the nozzle. There is a significant difference between them in the region near the lip where the flow expands rapidly. The use of an external zone in the continuum approach, that starts at the nozzle exit and expands downstream, allows one to eliminate the possible impact of the extrapolation outflow boundary condition at the nozzle exit. This results in thrust values that are in agreement with those obtained by the DSMC method.
The effect of the wall accommodation coefficient was investigated by the DSMC method. The flow was found to be weakly dependent on the tangential momentum accommodation coefficient when it changes from 0.8 to 1 both for axisymmetric and three-dimensional cases. The flow changes significantly for accommodation coefficients smaller than 0.5.
The impact of wall effects on thrust level was ex-amined for axisymmetric and three-dimensional micronozzles. A two-dimensional model was also used for the comparison. The flow in a flat nozzle has a three-dimensional structure and is strongly influenced by the end-walls. That causes a significant (about 20 percent) reduction in thrust as compared to the twodimensional model and an axisymmetric nozzle. Attempts to predict the performance characteristics of a 3D microthruster using a 2D model may therefore result in significant design errors.
VI Acknowledgments
